Polaron energy spectrum of AlAs/GaAs/AlAs and PbS/PbTe/PbS quasi two-dimensional heterostructure as a function of the wave-vector is investigated based on the adiabatic approximation and the Ritz variational technique. The electron interaction with confined, interface and half-space phonons is taken into account. A comparative analysis of the polaron energy spectrum in heterostructures with a finite and infinite breakdown of energy bands at the interface is performed by means of the Li-Lou-Pines variational method. The polaron density of states dependence as a function of energies with the values less than phonon energies is studied. The contribution of each phonon branch to the density of states is determined. A comparative analysis is made for two AlAs/GaAs/AlAs and PbS/PbTe/PbS heterostructures. : 63.20.Kr, 79.60.Jv Recently various low-dimensional structures such as film systems [1-13], superlattices [14] , quantum wires [14] [15] [16] and quantum dots [17] [18] [19] [20] [21] [22] have been widely investigated both experimentally and theoretically. These heterosystems are of great interest mainly due to their unique physical properties which can be used in the electronic and opto-electronic devices.
Electron-phonon interaction in a quasi-two-dimensional system. The Hamiltonian
The structure of QW is investigated based on the two polar materials. A square well model is used here. Let z-axis be perpendicular to the surfaces of QW. The Hamiltonian of a well electron interacting with optical phonons in the effective mass approximation and non-degenerate is as followsĤ =p 2 || 2m e +p 2 z 2m e + V (z) +Ĥ ph +Ĥ int ,
wherep || andp z are electron momentum operators in xy-plane and in z-direction respectively, V (z) is electron potential energy in the nanoheterostructure, m e is a corresponding effective mass of electron
In the case of a finite quantum well (FQW) V (z) is as follows:
In the dielectric continuum model, the Hamiltonian of phonon system in the presentation of occupation numbers is written down [2, 3] : 
is the Hamiltonian of confined phonons,
is the Hamiltonian of interface phonons, whereas frequencies ω S± , ω A± are determined from the dispersion equation
Frequencies of transverse optical phonons of massive crystals of the i-th medium are is follows:
is the Hamiltonian of half-space optical phonons of the external medium. The electron-phonon interaction operator in the presentation of occupation numbers with respect to phonon variables for confined phonons (Ĥ ep,C ), interface phonons (Ĥ ep,I =Ĥ ep,S± + H ep,A± ) and half-space phonons (Ĥ ep,H± ) is written down, respectivelŷ
φ S (q, z), φ A (q, z) and β n (ω) functions are determined as follows
The Li-Lou-Pines method is used here in to determine a polaron energy. It was taken into account that the considered system contains fast and slow subsystems [12] . The electron motion in the direction perpendicular to the interface represents a fast subsystem. Therefore we use the adiabatic approximation here. The Hamiltonian under consideration (1) is averaged over the wave functions of the ground stationary state for the motion along OZ axiŝ
where the function ψ n (z) is a solution of the Schrödinger equation
If the quantum well is in the form of (3), then the wave function of a particle in FQW is presented as follows
2 (E). Energy levels of stationary states are found from the dispersion equation
For the infinite well (U 0 = ∞) the wave function and energy are defined by the following equations 
where ν denotes phonon branches, P = k is polaron impulse. As far as we know the expressions for unitary transformations of b q, ν and b + q, ν [25] , after averaging over the vacuum phonon state | 0 , the energy function of the electron-phonon system is obtained
where
For the infinite QW
and in the case of a finite QW F S± (z), F A± (z) is written down (12) and (13), respectively. Confined phonons are only with the QW, that is ( [23] )
In the case of FQW there is another phonon type, represented by half-space phonons for which
E 1 is the electron ground state energy. Minimizing ε(f ) over f ν and f * ν , and using P = k, one can get a polaron energy of the heterosystem
Expression (28) defines the polaron energy dependence on the wave vector which is actually the polaron dispersion law.
Calculations are also performed without use of the adiabatic approximation. The difference is that we do not distinguish between slow and fast motion of electrons in different directions. Then two subsequent transformations are applied to Hamiltonian (1) using the operators (20) , (21) , and after averaging over the vacuum phonon state | 0 the following Hamiltonian is obtained
Minimizing ε (f ) (29) over f ν and f * ν , and using P = k we get:
We may conveniently introduce the parameter η ν in formula (30) according to [23] defined by
The next stage of problem solving is to find a solution of the Schrödinger equation with Hamiltonian (30. The problem is solved using the Ritz variational method. A trial wave function of the ground state of the system is expressed as follows
where α is a variational parameter, A = 4 2α
π is a normalizing constant. According to the variational technique, the following functional is found
The polaron energy is determined as the minimum of function E pol (α). The calculations are performed for two heterostructures AlAs/GaAs/AlAs, PbS/PbTe/PbS, for which the weak and transition electron-phonon coupling is realized.
Numerical calculations. The analysis of the obtained results
Using expression (28) a polaron energy in the heterostructure can be calculated. The polaron dispersion relations
with consideration of various phonon branches in heterosystems AlAs/GaAs/AlAs and PbS/PbTe/PbS, in the cases of the finite and infinite QW's are shown in figures 1a and 1b. Herein, we take GaAs for material 1 and AlAs for material 2. Material parameters are taken to be m e = 0.067m 0 , ω L = 36.2meV , ω T = 33.3meV , ε ∞ = 10.9 for GaAs. For AlAs, we take m e = 0.124m 0 , ω L = 50.1meV , ω T = 44.8meV , ε ∞ = 8.16. Then, we take PbTe for material 1 and PbS for material 2. Material parameters are taken to be m e = 0.22m 0 , ω L = 13.6meV , ω T = 3.9meV , ε ∞ = 33 for PbTe. For PbS, we take m e = 0.124m 0 , ω L = 50.1meV , ω T = 44.8meV , ε ∞ = 8. 16 .
From the figures it is seen that the energy of polarons in the PbS/PbTe/PbS heterosystem is less (the binding energy is greater) than in the AlAs/GaAs/AlAs structure for every value of the wave vector (k/k 0 , k 0 = π/a, a is a lattice parameter) which is related to the magnitude of the electron-phonon interaction coefficients. The common thing is that in the finite quantum well model the polaron energy is less than in the infinite quantum well model of either structure. In spite of that, in the case of the infinite quantum well, half-space phonons are not taken into account. Strong spatial confinement of the charge leads to a considerable growth of the effective electron-phonon interaction and to larger growth of polaron binding energy. That is why curve 7 is located lower than curve 4 in the graphs. It is interesting to consider the result concerning the contribution of separate phonon branches to the polaron energy. It is seen that at small widths of QW the contribution of confined phonons and half-space phonons is similar. The contribution of surface phonons is fundamental. The analysis shows that the enhancement of L is accompanied by the rise of contribution of confined phonons, while the role of phonon branches decreases.
It is known that a quantity such as quasiparticle density of states is used in calculating optical and kinetic coefficients. Having the polaron dispersion law, one can determine the polaron density of states as a function of energy and compare it with a corresponding function for electron. For quasi-two-dimensional electron gas with a quadratic dispersion law, the density of states for each level does not depend on energy and is determined by the expression
In the case of polarons, as one can see from the presented results, the dispersion law in the region k < k f becomes more complicated. That is why the density of states has to be presented as follows:
The results of calculations of the density of states as a function of energy are presented in figures 2,3. From figure 2, which shows a contribution of various phonon branches to the density of states, one can see that g (E) is mainly determined by interface phonons. Meanwhile the weight of confined and half-space phonons is fairly small. The analysis of function g (E) for an excited level shows that concerning the weight of the oscillation branches the picture is qualitatively similar to that of the ground state. However, in a quantitative sense the density of states of an excited level is considerably less than that of the ground state ( figure 3) .
As to the dependence g = g (E) the density of states practically does not depend on energy in the region of low energies for either polaron state, as well as for electron states. But in the region of the polaron energy approaching the phonon energy a fairly abrupt increase of the density of states is obtained.
The above mentioned graphic dependences rest on the adiabatic approximation within the framework of which the charge motion in the direction perpendicular to the separation boundaries was considered rather fast, whereas in the other two it was considered slow. We can substantiate this approximation using the variational technique based on the expressions (31) and (32). Figure 4 presents polaron dispersion laws at L = 25Å in the case of finite QW with account of all phonon branches for the AlAs/GaAs/AlAs heterosystem. It is seen that within the framework of variational calculations, the particle energy is predictedly smaller than that in the adiabatic approximation. However, due to the small value of L, the adiabatic approximation is fairly good (at k = 0 the error is 10% ). Similar dependences with the use of the two calculation techniques for PbS/PbTe/PbS are presented in figure 5 . It is seen that in either approach, the function E = E (k) is practically the same. However, within variational calculations, the polaron energy is essentially smaller. This shows that due to large electron-phonon interaction, the motion in the direction perpendicular to the separation boundaries can be considered fast. However, the error makes up 30% .
